Aim: To investigate the effects of puerarin (Pue), an isoflavone derived from Kudzu roots, on angiotensin II (Ang II)-induced hypertrophy of cardiomyocytes in vivo and in vitro. Methods: C57BL/6J mice were infused with Ang II and treated with Pue (100 mg· kg -1 ·d -1 , po) for 15 d. After the treatment, systolic blood pressure (SBP) and left ventricular wall thickness were assessed. The ratios of heart weight to body weight (HW/BW) and left ventricular weight to body weight (LVW/BW) were determined, and heart morphometry was assessed. Expression of fetal-type genes (ANP, BNP and β-MHC) in left ventricles was measured using semi-quantitative RT-PCR. Mouse primary cardiomyocytes were treated with Pue (50, 100, 200 μmol/L), then exposed to Ang II (1 μmol/L). ROS level was examined with flow cytometry, the binding activity of NF-κB was determined using EMSA. Western blot was used to measure the levels of ERK1/2, p38 and NF-κB pathway proteins. 
Introduction
Cardiac hypertrophy is an increase in the size and mass of the heart that ultimately leads to cardiac dysfunction and heart failure. This increase in size can be attributed to a number of diverse factors that include physiological, mechanical, hormonal, and genetic influences. An increasing number of studies suggest that the increased production of ROS is involved in the hypertrophic process [1, 2] . ROS have been studied as a second messenger and recognized as an important trigger of both in vivo and in vitro hypertrophic responses to mechanical stretch or to hormonal stimuli, such as Ang II [3] . In last decade, increasing amounts of data have indicated that Ang II activates nicotinamide adenine dinucleotide phosphate (NADPH) oxidase via the Ang II receptor 1 (AT 1 ), which leads to increased generation of ROS such as superoxide anion, hydrogen peroxide and the hydroxyl radical [4, 5] . Moreover, ERK1/2, p38 MAPK and the NF-κB pathway are reported to be redox-sensitive and involved in cardiomyocyte hypertrophy [6] [7] [8] . Therefore, antioxidants may be a useful treatment modality for the inhibition of cardiac hypertrophy.
Pue (daidzein 8-C-glucoside, C 21 H 20 C 9 ) is an isoflavone derived from Kudzu roots. Isoflavones are plant polyphenolic antioxidants that occur abundantly in soybean and the root of www.nature.com/aps Chen G et al Acta Pharmacologica Sinica npg the Pueraria lobata plant. With its comprehensive pharmacological actions, Pue is clinically used in China for the treatment of cardiovascular diseases, including coronary artery disease, heart failure, hypertension and myocardial infraction [9, 10] . A number of studies have demonstrated that Pue can block β-adrenoreceptors in isolated organs and the whole animal [11] , act as an anti-arrhythmic agent [12] , lower blood pressure and inhibit plasma renin activity in spontaneously hypertensive rats [13] and protect ventricular myocytes against cardiac damage and arrhythmias by inhibiting recovery from the inactivation of cardiac Na + channels [14] . Although Pue has been widely used in the treatment of cardiovascular diseases, its role in Ang II-induced cardiac hypertrophy remains unknown, and the effect of Pue on the generation of ROS and downstream signaling pathways in cardiomyocytes after Ang II stimulation has not been investigated. The aims of this study were therefore to determine whether Pue can attenuate Ang II-induced cardiac hypertrophy in vivo and in vitro and to identify the molecular mechanisms responsible for these putative effects.
Materials and methods

Animals and protocols
This animal study was approved by the Research Committee of Chinese Academy of Medical Science & Peking Union Medical College, and all animal experiments conform to the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health. Eight-weekold, healthy, specific pathogen free grade, male C57BL/6J mice (n=40) weighing 19-22 g were purchased from Vital River Laboratories (SCXK jing 2011-0003, Beijing, China) and randomized into 4 groups: a sham group of vehicle-infused mice that received only PBS; an Ang II (Sigma-Aldrich, St Louis, CA, USA)-infused group; a Pue treatment group with ig administration of Pue (purity>99%, Shandong Fangming Pharmaceutical Co, product series: 1006301; Heze, China) at a dosage of 100 mg·kg -1 ·d -1 in water; a valsartan treatment group with ig administration of valsartan (Val, purity>99%, Novartis Pharmaceutical Co, product series: X1040; Beijing, China) at a dosage of 20 mg·kg -1 ·d -1 in water. All of the groups, except the sham group, simultaneously received Ang II (2.5 μg·kg
, dissolved in PBS with 10 μmol/L acetic acid) from an implanted subcutaneous minipump (model 2002, Alza, Mountain View, CA, USA) for 15 d [15] . All mice had free access to drinking water and feed. This dose of Pue did not affect the growth or the food and water intake of the mice.
Morphological examination
After 15 d of treatment, mice were weighed and sacrificed. The thoracic cavity was immediately opened. With the blood squeezed out, the heart was excised and rinsed in cold physiological saline. The blood vessels and all the epicardial fat were removed. The heart was isolated, blotted, and weighed on an analytical balance. The HW/BW and LVW/BW ratios were calculated and used as an index of cardiac hypertrophy. Histopathology was performed by the Institute of Laboratory Animal Science, Chinese Academy of Medical Sciences & Peking Union Medical College. Immediately after gross dissection, the left ventricles were sectioned into 2-3 mm thick slices and immersed in a formalin solution for more than 7 d. The sections were then dehydrated in ethanol, cleared in dimethylbenzene and finally embedded in paraffin. The paraffin-embedded sections of the left ventricle were then cut into 5-μm-thick sections and stained with HE for light microscopic evaluation. A single myocyte was measured with the Image Pro-Plus, version 6.0, quantitative digital image analysis system (Media Cybernetics, Rockville, USA). The outline of 100 cardiomyocytes was traced in each group.
Echocardiography and systolic blood pressure assessment After 15 d of treatment, echocardiography was performed using the Siemens Acuson CV-70 ultrasonographic system (Siemens Medical Solutions, Mountain View, CA, USA) as previously described [16] . Isoflurane (1.5% mixed with O 2 ) was used to provide adequate sedation but minimal cardiac suppression during echocardiography. Mice were placed in a supine position, and a 13 MHz probe was applied to the left hemithorax. M-mode measurements of the left ventricular end-diastolic diameter, end-systolic diameter and wall thickness were performed according to the American Society of Echocardiography guidelines. The parameters obtained were as follows: LV end diastolic diameter (LVEDD), LV end systolic diameter (LVESD), LV posterior wall thickness (LVPWth) and interventricular septal wall thickness (IVSth). Fractional shortening (FS) was calculated as (LVEDD-LVESD)/ LVEDD×100%.
After the implantation of the minipump, systolic blood pressure (SBP) was measured twice a week, using the tail-cuff method without anesthesia as previously described [17] . Mice were placed in restrainers, and their body temperature was maintained at 34 °C by a warming chamber. The IITC tail cuff sensor (IITC Life Science, Woodland Hills, CA, USA) containing both the inflation cuff and the photoelectric sensor was placed on the tail and attached to the restrainer. The cuff was inflated to a pressure of 200 mmHg and then deflated slowly. Upon reappearance of pulse signals, the IITC Life Science Blood Pressure System software would record, analyze and report the SBP data from the IITC amplifier.
Neonatal mouse primary cardiomyocyte culture
The procedure used to culture ventricular cardiomyocytes from neonatal mice was established by modifying previously described methods [18] . 
Cell immunohistochemistry
Cardiomyocytes were identified by immunostaining with an α-actinin antibody. Fused cells were fixed with 4% paraformaldehyde for 30 min at room temperature and then rinsed three times with 0.1 mol/L PBS, pH 7.4. Fixed cells were permeabilized with 0.1% Triton X-100 in PBS for 30 min, blocked with 1% BSA in PBS for 30 min and then rinsed three times with 0.1 mol/L PBS, pH 7.4. The cells were incubated with a primary antibody against α-actinin (diluted 1:500) over a 24-h period at 4 °C. After being washed with 0.1 mol/L PBS, they were then incubated with a FITC-conjugated IgG (Santa Cruz, Dallas, USA) (diluted 1:400) for 1 h at room temperature. The cells were then rinsed three times with PBS. After being rinsed, the specimens were mounted in PBS and observed with a fluorescence microscope (IX71-F22FL/PH, Olympus, Tokyo, Japan). The obtained cardiomyocyte cultures were greater than 96% purity.
Cell viability test and Pue evaluation of cytotoxicity Cell viability was assessed using the MTT assay. The cells were seeded into a 96-well plate at a cell density of 8×10 3 cells/ well for 24 h, followed by Pue treatment for 48 h. Next, 5 μL of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) at 5 mg/mL was added to the medium and incubated for 4 h at 37 °C. After removing the culture medium, 200 μL of dimethyl sulfoxide (DMSO) was added. The plates were read using an enzyme-linked immunosorbent assay plate reader (Bio-Rad, Hercules, USA) at 570 nm. The viability of the cells was assayed by the optical density value.
Measurement of in vivo and in vitro ROS production
The determination of intracellular ROS production was based on the oxidation of 2,7-dichlorofluorescin diacetate (H 2 DCFDA, Invitrogen, Carlsbad, USA) into a fluorescent 2,7-dichlorofluorescein (DCF). As previously described [19] for the in vivo analysis, 300 mg of ventricle tissue was homogenized with a homogenizer for 20 s in 2 mL of a hypotonic lysis buffer [10 mmol Cytosolic and nuclear extracts Extracts were prepared as described by Finto et al [20] . The cells were washed in cold PBS, resuspended in 500 μL of cold buffer [10 mmol/L HEPES, 2 mmol/L MgCl 2 , 0.1 mmol/L EDTA, 10 mmol/L KCl, 1 mmol/L DTT, 0.5 mmol/L PMSF, 1 μg/mL leupepstatin, 1 μg/mL pepstatin and 1 μg/mL leucine thiol, 0.1% IgePal CA 630 pH 7.9] and left on ice for 30 min. The samples were then mixed and centrifuged at 4000×g for 30 min. The supernatant (cytosolic extract) was kept at -70 °C. The pellet was resuspended in 150 μL of a cold saline buffer [20 mmol/L HEPES, 50 mmol/L KCl, 0.1 mmol/L EDTA, 1.5 mmol/L MgCl 2 , 300 mmol/L NaCl, 25% (w/v) glycerol, 1 mmol/L DTT, 0.5 mmol/L PMSF, 1 μg/mL leupepstatin, 1 μg/mL pepstatin and 1 μg/mL leucine thiol, 0.2% IgePal CA630, pH 7.9] and left on ice for 1 h. After centrifuging at 12 000×g for 15 min at 4 °C, the supernatant (nuclear extract) containing the nuclear proteins was collected and stored at -70 °C. Protein content was measured using the Modified Lowry protein assay kit (Pierce, Rockford, USA).
Western blot analysis
Anti-phospho-specific p38, anti-phospho-specific ERK1/2, anti-phospho-specific IκBα, anti-ERK, and anti-p38 antibodies were purchased from Cell Signaling Technology (Danvers, USA). Anti-p65 NF-κB and anti-HistoneH1 antibodies were purchased from Santa Cruz Biotechnology (Dallas, USA). After various treatments, ventricular tissue or cardiomyocytes were lysed with lysis buffer containing 50 mmol/L Tris-HCl (pH 7.5), 250 mmol/L NaCl, 5 mmol/L EDTA, 50 mmol/L NaF, 1 mmol/L DTT, 1% TritonX-100, 1 mmol/L sodium orthovanadate and protease inhibitors. After centrifugation, the supernatant fraction was removed, and protein concen- EMSA EMSAs were performed according to the manufacturer's instructions of Gel Shift Assay System Commercial Kit (Promega, Madison, USA). Double-stranded consensus oligonucleotide (5'-AGT TGA GGG GAC TTT CCC AGG C-3') was 5' end labeled with a T4 polynucleotide kinase and [γ-
32 P]ATP (Promega, Madison, USA). Ten micrograms of nuclear protein was pre-incubated for 10 min at room temperature in 9 μL of a binding buffer consisting of 10 mmol/L pH 7.5 Tris-HCl, 4% glycerol, 1 mmol/L MgCl 2 , 0.5 mmol/L EDTA, 0.5 mmol/L DTT, 0.5 mmol/L NaCl and 0.05 mg/mL poly(dI-dC). After the addition of the 32 P-labled oligonucleotide probe, the incubation was continued for 20 min at room temperature. The reaction was stopped by adding 1 μL of a gel-loading buffer, and the protein-DNA binding complexes were analyzed with nondenaturing 4.8% polyacrylamide gel electrophoresis in 0.5×TBE buffer (44.5 mmol/L Tris, 44.5 mmol/L boric acid, and 1 mmol/L EDTA). After electrophoresis was conducted, the gel was vacuum dried and exposed to X-ray film (Fuji Hyperfilm, Tokyo, Japan) with an intensifying screen at -70 °C.
Cardiomyocyte surface area and volume assay The cardiomyocyte surface area and volume were measured according to a previously described method [21] . Cell images were captured with a digital camera fixed to a microscope (IX71-F22FL/PH, Olympus, Tokyo, Japan). Cardiomyocyte surface area and volume were analyzed using Image Pro-Plus image analysis software and a CIAS-1000 image analyzing system (Daheng-Image, Beijing, China), respectively. One hundred cells from randomly selected fields in three wells were examined for each condition. Cardiomyocyte surface area and volume were determined after 48 h of stimulation with Ang II, and Pue-treated cells were compared with control cells.
Measurement of [ 3 H]leucine incorporation [
3 H]Leucine incorporation was measured as described previously [22] . Cells were grown in 24-well plates with serum-free medium for 24 h. Cells were then treated with Ang II for 24 h after pretreatment with or without Pue or other inhibitors. The cells were pulsed with 1 μCi/mL of [ 3 H]leucine (Amersham Biosciences, Piscataway, USA) during the last 4 h before harvest. After being washed with PBS, cells were treated with 5% trichloroacetic acid for 30 min and then washed with PBS again. Finally, cells were solubilized in 500 μL of 1 mol/L NaOH. After neutralization with 0.5 mol/L HCl, an aliquot was taken to determine the level of incorporated radioactivity using the Beckman LS 3801 liquid scintillation counter (Beckman, Fullerton, USA).
Modified Lowry method for protein content assay
Cardiomyocytes were cultured in 12-well plates at a density of 5.0×10 5 cells/well for 24 h, and total protein content per well was measured by the modified Lowry protein assay kit (Pierce, Rockford, USA).
Statistical analysis
Data are expressed as mean±SEM. The significance in differences between groups was tested by either one-way analysis of variance (ANOVA) with the Tukey correction or unpaired t-tests for continuous variables using SPSS16.0 statistical software (SPSS, Chicago, USA). A two-tailed P<0.05 was considered statistically significant.
Results
Pue attenuates cardiac hypertrophy in vivo
After 15 d of experiment, Ang II-infused mice exhibited cardiac hypertrophy when compared with sham group, as evidenced by the classical increase in heart size and increases in the HW/BW and LVW/BW ratios. The percentage of animals with cardiac hypertrophy was 98.3%, as evidenced by classical increase in heart size, HW/BW and LVW/BW, when www.chinaphar.com Chen G et al Acta Pharmacologica Sinica npg compared with sham group. In the Pue-treated mice, the Ang II-induced increases in heart size and the HW/BW and LVW/BW ratios were markedly decreased to levels similar to that of sham or Val-treated mice. Under the microscope, the left ventricular tissues from Ang II-infused mice exhibited obvious cardiomyocyte hypertrophy, and the cardiomyocyte surface area was significantly larger than that of the sham group. These characteristic changes induced by Ang II were markedly attenuated by long-term treatment with Pue at 100 mg/kg ( Figure 1A and 1B). Treatment with Pue or Val significantly attenuated the observed increase in expression levels in the Ang II-infused groups ( Figure 1C ). Treatment with Pue or Val prevented both the decreases in LVESD and LVEDD and the increases in IVSth, LVPWth and FS that were observed in the Ang II-infused group that did not receive any treatment (Figure 2A) . The SBP was significantly higher in the Ang II- Figure 2B ).
Effects of Pue on cardiomyocyte viability.
Exposure of cultured cardiomyocytes to Pue for 48 h did not have any significant effect on cardiomyocyte viability. Additionally, myocyte monolayers continued to contract synchronously in the presence of the different doses of Pue (Figure 3) .
In vitro measurements of ROS and signaling proteins induced by Ang II Ang II increased the intracellular ROS production, the phosphorylated levels of ERK1/2, p38, and IκBα proteins and the translocation of p65 NF-κB into the nucleus in a time-dependent manner (Figure 4 ). The optimal response was achieved at 4 h, and the cells were therefore stimulated with Ang II for 4 h in subsequent experiments. The in vivo and in vitro effects of Pue on the intracellular excess production of ROS In vivo infusion of Ang II triggered an increase in ROS levels, which was decreased by Pue ( Figure 2C) . In vitro ROS generation was also inhibited by Pue in a dose-dependent manner similar to the inhibitory effects observed with NAC, Val, or Apo. Additionally, we treated cells with 100 μmol/L exogenous H 2 O 2 for 1 h as a positive control. Our results showed that both Pue and NAC can scavenge intracellular H 2 O 2 ( Figure 5 ). Blockade of ERK1/2, p38, and NF-κB pathway activation by Pue To further explore the molecular mechanisms through which Pue impairs the cardiac hypertrophic response, we examined the in vitro effects of Pue on the ERK1/2, p38, and NF-κB pathways. Ang II induced a marked increase in the phosphorylated levels of ERK1/2, p38, and IκBα. However, Pue treatment blocked the activation of ERK1/2, p38, and IκBα in a dose-dependent manner. Similarly, the activation of these signaling proteins mediated by Ang II treatment was also attenuated by NAC and Apo ( Figure 6A ). In line with the in vitro findings, we found that marked in vivo phosphorylation of ERK1/2, p38, and IκBα was almost completely blocked by Pue ( Figure 6B ). To determine whether these pathways were redox sensitive, we exposed the cells to either Ang II or 100 μmol/ L exogenous H 2 O 2 to examine the effect of NAC on individual ERK1/2, p38, and IκBα phosphorylation. H 2 O 2 treatment for 1 h directly activated ERK1/2, p38, and IκBα, and this activation was suppressed by NAC and Pue ( Figure 6C ). Moreover, Ang II-induced NF-κB translocation into the nucleus was prevented by Pue, NAC, and Apo ( Figure 7B ). An EMSA was also performed to investigate whether Pue interferes with NF-κB binding activity. The results of these shift assays confirmed the presence of p65 NF-κB in the protein complex and demonstrated that Pue could inhibit this binding activity in a dosedependent manner. In addition, we measured Ang II-induced IκBα degradation in a time-dependent manner. After a 2 h pretreatment with either PD98059 or SB203580, the cells were stimulated by Ang II for 4 h. IκBα degradation was markedly inhibited by both PD98059 and SB203580, suggesting that IκBα degradation was partially MAPK dependent ( Figure 7A ). The results therefore indicated that blocking the p38 or ERK1/2 signaling pathways with SB203580 or PD98059 attenuated the Ang II-induced increase in NF-κB nuclear translocation and DNA binding activity ( Figure 7B, 7C ). Figure 8A ). Moreover, the increase in [ 3 H]leucine incorporation and total protein content detected after 24 h of culture in the presence of Ang II was prevented in cells preincubated with Pue ( Figure 8C ). Further, Pue suppressed the Ang II-induced expression of the ANP and β-MHC genes for 24 h ( Figure 8B ). In addition, we used NAC, SB203580, PDTC, and PD98059 to determine whether the inhibition of Ang IIinduced cardiomyocyte hypertrophy by Pue is via the attenuation of ROS and the activation of the downstream ERK1/2, p38 or NF-κB pathways. The results showed that NAC, SB203580, PDTC, and PD98059 could markedly reduce the Ang II-induced protein synthesis and fetal-type gene mRNA expression in cardiomyocytes ( Figure 8B, 8C ).
Discussion
The major outcome of this study clearly shows for the first time that Pue inhibits Ang II-induced cardiac hypertrophy in vivo and in vitro. These findings are supported by the following observations. In animal experiments, we used a minipump to infuse Ang II into the mice to establish cardiac hypertrophy. The characteristic hypertrophic changes, such as increases in the HW/BW and LVW/BW ratios, the enlargement of cardiomyocytes, the reappearance of fetal isoforms of cardiac genes and increases in the chamber size and wall thickness, were markedly inhibited after a long treatment with 100 mg·kg -1 ·d -1 Pue. In line with the in vivo findings, we found in cultured cardiomyocytes that Pue also significantly depressed the Ang II-induced marked increase in the cell size and inhibited the induction of fetal-type gene expression and protein synthesis. Then, we further explored in cultured cardiomyocytes the molecular mechanisms through which Pue inhibits cardiac hypertrophy. Although the mechanism by which Ang II induces cardiomyocyte hypertrophy is not fully understood, members of the MAPK family, PI3Kα-Akt, Jak-STAT, the Na + /H + exchanger, AMP-activated protein kinase (AMPK) and DNA-binding transcription factors, such as NF-κB and AP-1, all reportedly play a pivotal role in the development of cardiac hypertrophy [23, 24] . Among them, ERK1/2 [25] , p38 [26] , and NF-κB [27, 28] have been noted as the essential regulators of the hypertrophic response. With this mind, the inhibitory mechanisms of Pue on cardiac hypertrophy were examined by investigating its effect on ERK1/2, p38, and NF-κB activation. We observed that Ang II enhanced ERK1/2, p38, and IκBα activation in a time-dependent manner, which was almost completely blocked by Pue, NAC, and Apo. The inhibitory effect of Pue on these signaling proteins may be via its ability to act as an antioxidant because mounting evidence has suggested that ROS play an important role in Ang II-induced cardiac hypertrophy and that increased ROS generation leads to the activation of downstream signaling pathways and transcription factors, including ERK1/2, p38, and NF-κB [29] [30] [31] . suggesting that these signaling pathways are redox-sensitive, which could be a potential site of action for Pue in cardiomyocytes. Pue acts as an antioxidant through multiple mechanisms, such as scavenging free radicals, increasing superoxide dismutase and catalase activity and decreasing malondialdehyde [32] [33] [34] . Our results also demonstrated its potential to scavenge intracellular H 2 O 2 . Being concordant to previous findings indicating that many antioxidants can inhibit the activation of the MAPK and NF-κB pathways by scavenging ROS [35] [36] [37] , it is therefore not surprising that Pue interfered with Ang II-mediated ROS generation and also blocked associated downstream signaling pathways. Finally, Pue inhibited NF-κB activation by disrupting DNA-binding and transcriptional activity in the nucleus. It partly did this by downregulating the levels of phosphorylated IκBα and then inhibiting p65 NF-κB translocation into the nucleus. Increasing evidence shows that some members of the MAPK family participate in the activation of the NF-κB pathway [38, 39] . Therefore, we examined the role of ERK1/2 and p38 in Ang II-induced activation of NF-κB binding. It is of interest that SB203580 and PD98059 as specific inhibitors of p38 and ERK1/2 activation, respectively, partially inhibited IκBα degradation and then disrupted Ang npg II-induced NF-κB nuclear translocation, DNA-binding and transcriptional activity, suggesting that NF-κB activation is at least partly dependent on the ERK1/2 and p38 signaling pathways [40] [41] [42] . To further elucidate the significance of the ERK1/2, p38, and NF-κB pathways in the anti-hypertrophic effect of Pue, we found that the Ang II-induced increase in [ 3 H]leucine incorporation, cell size and ANP and β-MHC gene expression was significantly decreased by SB203580, PD98059, and PDTC. This finding confirms that the ERK1/2, p38, and NF-κB pathways play significant roles in the hypertrophic effect of Ang II.
Taken together, the present study delivers important new insights into the molecular mechanisms of action of Pue on cardiomyocyte hypertrophy. These data suggest that Pue suppresses cardiac hypertrophy by blocking the excessive generation of ROS and disrupting the downstream activation of the ERK1/2, p38, and NF-κB pathways.
